The description of the in-medium modifications of partonic showers has been at the forefront of current theoretical and experimental efforts in heavy-ion collisions. It provides a unique laboratory to extend our knowledge frontier of the theory of the strong interactions, and to assess the properties of the hot and dense medium (QGP) that is produced in ultra-relativistic heavy-ion collisions at RHIC and the LHC. The theory of jet quenching, a commonly used alias for the modifications of the parton branching resulting from the interactions with the QGP, has been significantly developed over the last years. Within a weak coupling approach, several elementary processes that build up the parton shower evolution, such as single gluon emissions, interference effects between successive emissions and corrections to radiative energy loss of massive quarks, have been addressed both at eikonal accuracy and beyond by taking into account the Brownian motion that high-energy particles experience when traversing a hot and dense medium. In this work, by using the setup of single gluon emission from a color correlated quark-antiquark pair in a singlet state (qq antenna), we calculate the in-medium gluon radiation spectrum beyond the eikonal approximation. The results show that we are able to factorize broadening effects from the modifications of the radiation process itself. This constitutes the final proof that a probabilistic picture of the parton shower evolution holds even in the presence of a QGP.
Introduction
Ultra-relativistic heavy-ion collisions (HIC) are a unique window of opportunity to study, in a controlled environment, a new state of matter called the quark-gluon plasma (QGP). This hot and dense medium can be described using asymptotically free quarks and gluons, the fundamental degrees of freedom of the theory of the strong interactions, the Quantum Chromodynamics (QCD). Therefore, HIC are a perfect laboratory to assess the QCD fundamental properties, such as asymptotic freedom and the Deconfinement/Confinement transition. The observation of this new state of matter has to be made indirectly, through self-generated probes, due to its very short lifetime. Among the several possibilities, hard probes, such as high momentum particles or jets, can provide information on the macroscopic properties of the created medium through the modifications that are observed with respect to extrapolations to proton-proton (pp) collisions -a phenomena that is generically known as Jet Quenching. Moreover, the description of leading particle and jet cross-sections has been successfully addressed by perturbative QCD (pQCD) in pp collisions. The new challenge now is to understand at what extent pQCD can be applicable to such dense and hot systems as HIC. Factorization theorem states that:
where f i(j)/A describe the probability of finding a parton i(j) in the incoming hadron with a virtuality Q,σ ij→j+k the elementary cross-section and D f →h (z, µ 2 F ) the universal hadronisation functions whose definition depends on some factorisation scale, µ F .
Probes originated from a hard process, with a large momentum transfer, Q, take place during a time and length scale ∝ Q −1 that should not be resolved by the medium. Moreover, recent results [1] show that there is no strong dependency on the suppression of different hadronic species at high p ⊥ , thus supporting a picture in which hadrons are formed already outside the medium. As such, even though the medium scale may be below the Λ QCD , it should be possible to describe observables related to hard processes in heavy-ion collisions within a pQCD approach. Assuming a factorisation scheme in which the medium-modifications are accounted for a modification of the parton branching structure it follows:
where the modifications to the showering of the parton f , P f , will depend on the energy loss, ∆E, and on the several parameters necessary to describe the medium characteristics (medium length, L, transport coefficient,q, ...).
This manuscript is organized as follow: section 2, will be dedicated to make a brief overview about the main building blocks that are necessary to build the parton shower evolution in vacuum. This constitutes a well defined baseline to understand the modifications of the parton branching evolution in the presence of a QCD medium. In section 3, it will be discussed the medium modifications to the elementary processes that build up the in-medium parton shower evolution within a pQCD approach. Main focus will be given to the contribution of the work developed by the author in this manuscript. Final conclusions will follow in section 4.
Vacuum Parton Shower
The pQCD description of a high virtuality parton, in vacuum, is dominated by gluon bremsstrahlung. The process is illustrated in figure 1 (left) . The probability of emitting a gluon of energy ω and transverse momentum k ⊥ is given by:
where α s = g 2 /(4π), g is the coupling constant and C R the Casimir color factor (R = F for parent quarks and R = A for parent gluons). An evident feature from equation (3) is the double log enhancement for collinear and soft gluon emissions. However, the resummation of such contributions alone fail to describe the jet fragmentation functions by overpopulating the soft modes. To correctly account for multiple gluon emissions, it is necessary to check the interferences between subsequent emissions. It can be shown (see, for instance [2, 3] for a complete review) that such interferences actually reduce the available phase space for subsequent radiation, originating the known property of angular ordering. This phenomena constitutes the basis of every Monte Carlo event generator. This can be more easily observed when considering the emission of a soft gluon from a quark-antiquark pair that was initiated by a photon 1 (see figure 1 , right). After integrating over azimuthal angle, the spectrum of radiated gluons of the quark, and similarly for the antiquark, goes as:
where θ 1 is the angle between the radiated gluon and the parent parton and C F = (N 2 − 1)/(2N ) being N = 3 the number of colors. The Θ function implies that θ > θ 1 > θ 2 > · · · , thus suppressing large angle emissions. This effect was experimentally observed by the TASSO [4] and OPAL [5] collaborations.
3 Medium Parton Shower
In-Medium Propagation
The considered medium (QGP) is a strongly coupled fluid and, therefore, its interactions are at a scale that is non perturbative. Nonetheless, the evolution of a hard probe (particle or jet) that is propagating though this matter is, as seen in section 2, described by pQCD since it has a virtuality scale Q 2 Λ QCD , T , where T is the temperature of the plasma. In this work, we assume that the medium description and its interaction with a hard probe can be described within such perturbative approximation. As such, the medium is seen as a collection of independent static scattering centres such that
D where L is the medium length, λ the mean-free path of the particle inside the medium and m D the Debye screening mass, see figure 2. The average squared transverse momentum acquired by the propagating particle, k 2 ⊥ , per each λ,
is called the transport coefficient and, together with the medium length L, are the only parameters necessary to describe the medium characteristics within the employed approximations. Using the high energy approximation 2 , k + k ⊥ . No energy loss is assumed to occur in the longitudinal direction, and the result of the several interactions with the medium 1 When the parent parton of the the quark-antiquark antenna is a gluon, an additional term ∝ CAΘ(cos θ − cos θ1) appears. These emissions, since they are proportional to the color of the gluon, are re-interpreted as emissions from the parent parton before the splitting. As such, the same angular-ordering interpretation holds. 2 In the remaining of this manuscript, it will be used light cone coordinates, x = (x+, x−, x ⊥ ), whose relation with Minkowski coordinates are as follows: x+ = scattering centres is a color phase rotation of the incoming particle, that is described by a Wilson Line:
where A and B are the initial and final color states of the incoming particle and A − the medium fields that are path ordered in the longitudinal direction x + and transverse position x ⊥ . The longitudinal boundaries of the medium are made explicit in the integral. On top of this modification, the particle receives a transverse momentum kick from each interaction. Such effect will induce a Brownian motion in the transverse plane, from x 0,⊥ at the longitudinal position x 0+ to x ⊥ at L + , that is described by a Green's function:
Within the considered limit, it is understood that the dynamics that lead to the modifications of the medium colour structure occur in a timescale that is much larger than the propagation time of the penetrating particle. The computation of the resulting modifications can be done assuming a frozen medium color configuration while an average over the medium configurations ensemble should be carried out at the end. Moreover, one can decouple the color from the kinematic information from equation (7) when calculating the medium averages. The former accounts for the computation of N -field correlators (eq. (6)) that are taken up to second order in the fields, A(x ⊥ )A(y ⊥ ) . The re-exponentiation of the result leads to:
where n(x + ) is the longitudinal density of scattering centres and σ the dipole cross-section. The latter, within a multiple soft scattering approximation, is approximated by its short distance term such that:
As for the kinematic information, a semi-classical approximation is usually employed to evaluate the corresponding path-integrals. The dominant contribution is given by the classical trajectory that is found from the classical action, R cl = y + x + dξL, with some additional fluctuations:
where i, j ∈ {1, · · · , D} and D is the number of dimensions.
In-Medium Radiation
Multiple soft scatterings will enhance the resulting gluon radiation due to the accumulation of momenta by each scattering. This process, illustrated in figure 3 , has been extensively addressed in the last years (see [6] [7] [8] [9] [10] [11] [12] for works done in the same path-integral approach as this manuscript and [13, 14] for works done using a Soft and Collinear Effective Theory). More recent works [15] [16] [17] were able to include all non-eikonal corrections in the description of the in-medium gluon bremsstrahlung. They have shown that the probability of such process is proportional to the independent broadening of the two outgoing particles with a correcting factor [15] :
where x q(g) stands for the transverse position of the quark (gluon) and in the amplitude and xq (ḡ) in the complex conjugate amplitude. This additional term states that, on top of a complete factorisation of the showering process, there is an additional correction in which both final particles remain in a coherent state. There were several works that address the phenomenology of the parton cascade when neglecting this correction factor [18] [19] [20] [21] . In this work, we devoted ourselves to study the consequences of such correction for subsequent emissions. For that, we consider the gluon emission off a quark-antiquark antenna that is propagating through a finite medium. The corresponding diagrams that need to be evaluated are schematically represented in figure 4.
In-Medium QCD Antenna
The calculation of the diagrams in figure 4 was done in the eikonal approximation in the works by [22] [23] [24] [25] . The result for the spectrum of radiated gluons can be written as: Figure 4 : Diagrams that contribute to the single-gluon emission energy spectrum from a quarkantiquark antenna setup in a finite medium (represented as the purple region). The 3 contributions correspond to the sum of the three terms in equation (12) where the gluon phase space is dΩ k = dk + /2k + d 2 k ⊥ /(2π) 3 . The Dirac contributions corresponding to the diagrams in figure 4 are defined as:
where:
is the non-trivial color structure from the third diagram in figure 4 . The A subscript refers to the adjoint representation of equation (6) and it is made explicit the transverse coordinates for the quark (x q ) and anti-quark (xq). Finally, it follows that:
where
is the result from the vacuum antenna (eq (4) after integrating in azimuthal angle). After integrating in azimuthal angle, and limiting the present discussion to the soft limit, the spectrum of radiated gluons is proportional to:
where (within this limit),
The transverse antenna resolution is r ⊥ = θL and the medium transverse scale Q −1 s = (qL) −1/2 . From there, it is clear the interplay between these two scales: when r ⊥ Q −1 s , ∆ med → 0 and the vacuum result, eq. (4), where subsequent emissions follow the angular ordering behaviour, is recovered; in the opposite limit, r ⊥ Q −1 s , ∆ med → 1 and the available phase space for radiation opens to allow also anti-angular ordering emissions, where θ < θ 1 < θ 2 < · · · . A schematic interpretation of this result is shown in figure 5 for the two limiting cases: vacuum interferences remain in the development of the shower while the medium is not able to resolve the two emitters independently ( figure 5, left) ; whenever the medium transverse resolution is able to probe quark and anti-quark separately, the destructive interferences are suppressed and a new angular regime becomes available, in which subsequent emissions are emitted at larger angles ( figure 5, right) . (19) and (20) When going beyond the eikonal limit, the color structure of the diagrams in figure  4 has to account for transverse Brownian motion, and so, there will be additional terms with respect to the previous case [26] . The new non-trivial color structures are represented in figure 6 . As one can see, the direct terms (figure 6, left) will be proportional to a quadrupole that, within the considered limits (soft gluon radiation and multiple soft scattering approximation), can be approximated by the two independent broadenings of both quark and anti-quark:
where 1(1), 2(2) refers to the quark and anti-quark in the (complex conjugate) amplitude. As for the interference term (figure 6, right), a similar ∆ med parameter that includes transverse momentum broadening can be defined such as:
The Dirac structure will be the same as equation (13) . The spectrum in equation (12) (or eq. (15)) is modified such that:
where it was defined (1 − ∆ med ) = ∆ coh − ∆ med to have the same diagrammatic interpretation as in figure 5 . There is a correction due to the transverse Brownian motion such that the angular-ordering cone opens by:
where ∆L + = L + − x 0+ . As for the anti-angular component, instead of straight trajectories, the two emitters will oscillate in the transverse plane with:
where Ω 2 ∼q/(z(1 − z)p + ), being p + the photon longitudinal energy, z the energy fraction carried by the quark and Ω 2 = −Ω 2 . As such, even when considering non-eikonal corrections, one can understand a medium modified jet as composed by angular ordered mini vacuum-like jets. Each of these hard and collimated structures will behave as a different emitter inside of the jet that will lose energy independently. Therefore, the hard structure of the jet should be unaffected by the medium while the amount of soft fragments should be enhanced with respect to pp collisions. This expectation seems to be in agreement with the latest experimental results from both ATLAS [27] and CMS [28] collaborations.
Conclusions
Significant progress been made to understand the pQCD evolution of the parton shower in the presence of a hot and dense medium. In this work, we calculated the medium-induced gluon radiation from a non-eikonal QCD antenna in a finite medium. The results show that it is possible to generalize the previous results derived in a strict eikonal approximation to account for transverse momentum broadening. Nonetheless, the qualitative picture of a medium-modified jet remains to be valid, even when including such non-eikonal corrections. The resulting picture seems to be also in agreement with experimental observations. Continuously efforts are still necessary to improve the current limitations of the qualitative picture obtained so far. Although it is clear that there is a strong interplay between medium-and vacuum-like jets, it is still unclear how to derive analytical evolution equations for both as the ordering variable by which one is able to resum the dominant contributions is not the same (t ∼ lnQ 2 for vacuum-like jets while t ∼ L for medium-like jets). Moreover, the generalisation to multiple branchings is necessary to accurately evaluate the level of approximation when considering a complete factorised picture during the parton shower evolution.
